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The tropical glaciers of the Cordillera Blanca, Peru are rapidly receding as a result of significant 
mass and energy imbalances caused by climate change. The glacier recession is raising concerns 
among the scientific community and those living in the Rio Santa Valley of Ancash, Peru due to 
the likely water shortages in the near future as a result of disappearing glaciers and the 
subsequent reduction of fresh water discharge. In response to the concern, much research has 
sought to constrain the atmospheric forcing of the glacier surface energy balance (SEB) in effort 
to model future glacier loss. There is little known about the impacts of meteorological forcing 
from within adjacent periglacial valleys on the SEB of tropical glaciers primarily due to the lack 
of in-situ climate data available from within such environments. To address this knowledge gap, 
monthly averages of wind, insolation, air temperature, near-surface lapse rates, and precipitation 
data were obtained and analyzed from a unique autonomous sensor network (ASN) embedded 
within the glaciated Llanganuco Valley (9°S) of the Cordillera Blanca, Peru. The results suggest 
that a distinct microclimate exists within the Llanganuco Valley that is defined by a microscale 
valley wind system that can plausibly contribute to nocturnal cloud development over the Valley 
thereby impacting the SEB of its adjacent glaciers. The valley wind system is dependent on El 
Niño-Southern Oscillation (ENSO) due to its inter-annual and diurnal interactions with the upper 
atmosphere. The results reveal the critical importance of understanding the boundary layer 
processes in areas of complex terrain adjacent to alpine glaciers and further validate the need to 
maintain embedded climatological networks, such as the ASN, in the Cordillera Blanca to enable 
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Rapid glacier loss, initiated by climate change, is a present and increasing concern for 
alpine glaciers worldwide, particularly those in the tropical Andes (e.g. Schauwecker et al., 2014; 
Baraer et al., 2012; Bury et al., 2010). At the center of the concern is the Cordillera Blanca, a 
heavily glaciated tropical mountain range in the region of Ancash, Peru, whose peaks have 
experienced a decline in glaciated area exceeding 30% since 1930 (Schauwecker et al., 2014). 
The well documented, persistent decline of the glaciers in the Cordillera Blanca will likely put 
strain on water resources in the near future for populations living adjacent to the range in the Rio 
Santa Valley as fresh water sourced from glacial melt becomes increasingly limited 
(Schauwecker et al., 2014; Baraer et al., 2012; Mark et al., 2010).  
Slow glacial melt provides a well-regulated supply of water to the Rio Santa Valley for 
irrigation, hydroelectric power production, city services, and domestic use especially during the 
five month dry season between May and September in which rainfall is minimal (Bury et al., 
2010; Mark et al., 2010; Vuille et al., 2008a, 2008b; Kaser et al., 2003). It has been noted, based 
on stream discharge measurements, that many glaciers in the Cordillera Blanca have likely 
crossed a critical threshold in their decline in which a reduction of fresh water discharge can be 
expected for years to come (Baraer et al., 2012; Huss et al., 2008). The reduction in discharge 
and impending water shortages has motivated much research to monitor glacial retreat in the 
Cordillera Blanca and to constrain the atmospheric forcing which is driving the significant loss. 
Glaciers are sensitive indicators of climate change as their surface energy balance (SEB) is 
intimately tied to the conditions of their surrounding atmosphere (Mölg, 2004; Oerlemans and 
Klok, 2002). The SEB describes the relationship between the processes by which heat is 
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exchanged (absorbed and lost) between the glacier surface and the lowest level of the atmosphere 
(Mölg, 2004).  It effectively controls the amount of energy available for melt and sublimation to 
occur and is therefore closely tied to the degree by which a glacier gains or loses its mass, in 
what is otherwise referred to as the glacier mass balance. The processes enabling the energy 
exchange, such as latent and sensible heat flux, are functions of meteorological variables 
including atmospheric humidity, air temperature, precipitation, and wind speed (Wallace and 
Hobbs, 2006; Wagnon et al., 1999a). Likewise, energy input to the surface, provided by net all-
wave radiation, is largely dependent on precipitation and cloud cover (Oerlemans and Klok, 
2002; Wagnon et al., 1999a; Francou et al., 2003). Progressive changes in the atmosphere linked 
to rising global air temperatures are destabilizing the long term surface energy balances of 
glaciers worldwide and are ultimately driving their retreat as is true for the Cordillera Blanca  
(Vuille et al., 2008a). 
Though air temperature is closely correlated to the glacier mass balance in the Cordillera 
Blanca, its role is secondary to the resultant changes in humidity, cloud cover, and precipitation 
which are more closely tied to the processes guiding SEB (Francou et al., 2003). Understanding 
the role of atmospheric forcing at many scales is essential to improve glacier mass balance 
models which can ultimately be applied to predict the future of water supplies for the Rio Santa 
Valley (Juen et al., 2007). The results of such models would be of great value to stakeholders in 
Peru as they would help inform public policy and highlight the need for advance preparation to 
reduce the societal impact of future water shortages (Baraer et al., 2012). Extensive research 
campaigns in the tropical Andes (e.g. Francou et al., 1995; Francou et al., 2003) have improved 
the understanding of the surface energy balance of tropical glaciers, but there remain many 
significant knowledge gaps with regard to the atmospheric forcing. Such forcing occurs on a 
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range of spatial and temporal scales from short lived microscale turbulent eddies promoting 
latent heat flux to synoptic scale patterns such as El Niño-Southern Oscillation (ENSO) 
governing air temperature and precipitation patterns over several months. Forcing, particularly at 
smaller scales, is affected significantly by topography which is very complex in mountainous 
regions such as the Cordillera Blanca. There is an abundance of research highlighting the 
heterogeneity of mountain climates and microclimates (e.g. Whiteman, 2000) but much less so 
attempting to make the connection between terrain and the surface energy balance of glaciers.  
Mountain valleys, for instance, have a tendency to generate their own unique 
microclimates which are functions of their geophysical characteristics, scale, shape, latitude, and 
regional environment (Whiteman, 2000). Disproportionate heating on the valley surface, caused 
by shading of the walls combined with an elevation dependent pressure gradient, generates 
valley winds which flow parallel to the axis (Whiteman, 2000). Uneven heating of the walls can 
also generate slope winds which flow perpendicular to the axis (Whiteman, 2000). These 
thermally driven winds fluctuate independently from the synoptic flow above the valley usually 
following a distinct diurnal pattern (Hellström et al., 2010; Whiteman, 2000). Such valley 
sourced winds can enable the transport of moisture from lower elevations to the upper-
atmosphere and to glaciated mountain peaks providing a mechanism to alter the atmospheric 
conditions near the glacier surface (Leukauf et al., 2015; Henne et al., 2005; Weigel et al., 2006).  
The complexity of mountain terrain presents substantial scientific and technical challenges 
for studying atmospheric forcing of glacier SEB, particularly in the Cordillera Blanca where 
climate data is spatially and temporally sporadic (Mcglone and Vuille, 2012; Vuille et al., 
2008b). Global forecasting models such as the Global Forecasting System (GFS) and the 
European Center for Medium-range Forecasting (ECMWF) can provide insight into synoptic 
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scale meteorological forcing, but are insufficient for smaller scale studies due to their course 
resolutions (Vuille et al., 2008a). Smaller scale regional models such as PRECIS (50x50 km res.) 
employed by Mcglone and Vuille, (2012) have had greater success, but are hampered by a scarce 
observational network and a resolution which is still too course for proper evaluation of valley 
induced forcing. Microscale modelling attempts are few, but show promise. In the Riviera Valley 
of southern Switzerland, data from the Mesoscale Alpine Program (MAP-Riviera) has enabled 
the high resolution (150 m) modelling of intra-valley fluxes using the Advanced Regional 
Prediction System (ARPS) (Weigel, 2005; Weigel et al., 2006). A similar campaign is needed in 
the Cordillera Blanca with consideration of the available climatological and technological 
resources.  
To the author’s knowledge, the only attempt at microscale modelling in the Cordillera 
Blanca has been made by Hellström et al. (2015, submitted) which demonstrated, by dynamical 
downscaling, the use of the Weather Research and Forecasting model (WRF) to run at horizontal 
resolutions as small as 2 km. The model effectively demonstrated diurnal variability of wind 
flow through the Llanganuco Valley (9°S) and simulated adjacent cloud production as verified 
by observational evidence from a weather station within the valley. Ultimately, the model helped 
verify the observational analysis of Hellström et al. (2015, submitted) by simulating the diurnal 
valley wind which could promote forced convection and increased nocturnal precipitation 
propagating from the ridge westward to the mouth of the valley. The evidence supports the 
hypothesis that a teleconnection mechanism exists between periglacial valleys such as 




In this context, there is a need for a climatological review of the Llanganuco Valley, one 
that expands on what is already known by Hellström et al. (2010) and Hellström et al. (2015, 
submitted) to evaluate all available years of observation. Furthermore, it is prudent to compare 
such observations to regional climatic forcing in order to discern the relationship between the 
free atmosphere and boundary layer processes within the Llanganuco Valley.  
The sections following provide some context into the geophysical characteristics and 
glaciology of the Cordillera Blanca and the Llanganuco Valley. A brief introduction of glacier 
mass balance, the surface energy balance, and El Niño-Southern Oscillation sets the stage for a 
review of the known microclimate of the Llanganuco Valley and the boundary layer processes 
which are typically present within similar valleys. A comprehensive overview of the 
climatological record follows, highlighting inter-annual and seasonal atmospheric patterns of air 
temperature, wind speed and direction, solar radiation, vapor pressure, and near surface lapse 
rates within the valley in relation to ENSO. Comparisons of intra-valley wind to synoptic flow 
are made using reanalysis datasets in order to discern the relationship between the regional and 
local climate and to demonstrate a clear disconnect between the two scales. The primary research 
objectives are to evaluate the extent by which the Llanganuco Valley’s microclimate is 
independent from regional forcing and to provide insight into how meteorological forcing 








1.2 Glacier mass balance and the freezing level 
Glacier mass balance (b) is a common metric to describe the relationship between the 
input and output of glacial mass over a period of time (Hock, 2010). Glacier mass balance can be 
written mathematically as: 
𝑏 = 𝑐 − 𝑎 = ∫ (𝑐(𝑡) − 𝑎(𝑡))𝑑𝑡
𝑡2
𝑡1
        (1) 
Mass input, referred to as accumulation (c), is most predominantly sourced by snow at high 
altitudes while mass output, referred to as ablation (a), combines losses attributed to sublimation 
(ice to water vapor) and melt.  
Glacier mass balance can be determined at any point location on a glacier assuming 
measurements of local accumulation and ablation are available. In practice, point mass balance 
measurements are often interpolated to obtain a glacier-wide mass balance, or net mass balance, 
which considers accumulation and ablation averaged for an entire glacier. Net mass balances are 
averaged on monthly and annual timescales to discern patterns of mass change and are often the 
products of numerical models predicting future glacier recession. As visualized in Figure 1, point 
mass balances vary significantly depending on elevation. In the Cordillera Blanca, ablation 
occurs along the entire glacier’s mass at all times though it is most predominant at lower 
elevations, where the rates of melt and sublimation are enhanced due to the higher air 
temperatures brought on by increased air pressure. Locations on the lower elevations of the 
glacier are characterized by negative point mass balance, meaning that mass lost to ablation by 
sublimation and melt exceeds the mass gained from accumulation of snowfall. Locations at 
higher elevations on the glacier typically exhibit positive point mass balance because the mass 
gained from the accumulation of snow exceeds that of loss from ablation.  
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The Equilibrium Line Altitude (ELA), the elevation at which mass loss equals mass gain, 
is often used as a signal to determine whether a glacier is trending toward a negative mass 
balance or a positive mass balance (i.e. is receding or growing). A rising ELA over many years, 
as has been observed in the Cordillera Blanca (Kaser and Georges, 1997), signals a reduction in 
surface area of the glacier in the accumulation zone which ultimately results in a negative 
trending glacier-wide mass balance. Notable studies have linked a rising ELA in the Cordillera 
Blanca to the persistent recession of glaciers (e.g. Kaser et al., 1997) noting that, in some cases, 
ELA has surpassed the highest elevation of the glacier leading to unsustainable rates of ablation 
Figure 1: This graphic depicts a simplified model of glacier mass balance valid for 
most alpine glaciers. Point mass balances, marked by the relationship of mass input and 
output, are represented by the dotted lines on the bottom of the model.  
12 
 
and ultimately disappearance (Schauwecker et al., 2014; Rabatel et al., 2013). In such cases, the 
entire glacier is in the ablation zone.  
In the Cordillera Blanca, the ELA fluctuates in response to changing atmospheric 
conditions throughout the year and is spatially variable depending on precipitation patterns and 
solar intensity (Mark and Seltzer, 2005; Kaser and Georges,1997). Consequently, for purposes of 
studying the loss of glaciers in the Cordillera Blanca, it is necessary to look at changes in the 
average ELA over timescales as short as a day and as long as a decade. An easily observable 
indicator of ELA is the freezing level (FL). The FL is the altitude where the 0°C isotherm is 
situated at any given time and place. It is known that FL is closely correlated to ELA (Urrutia 
and Vuille, 2009; Greene et al., 2002; Bradley, 1975) and therefore provides valuable insight for 
quantifying glacier mass balance. FL is generally a calculated value based on a linear 
extrapolation of air temperature from two sensors of different elevation, but in some cases, it is 
estimated based on a single sensor and a standard lapse rate (Schauwecker et al., 2014, Figure 11 
as an example).  
1.3 Atmospheric forcing of the glacier surface energy balance 
The surface energy balance (SEB) of a glacier describes the system of fluxes which 
determine the amount of energy in the form of heat available at the surface for ablation processes 
to occur, such as melt or sublimation. As a result, SEB is the primary controller for mass loss and 
thus glacier mass balance. The SEB of a glacier surface can be approximated by: 
SW ↓ (1 − α) + LW ↓  +  LW ↑  +  QS  +   QLs  +    QLm = 0     (2) 
Adapted from Vuille et al., 2008a; Oerlemans and Klok, 2002 
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where radiative fluxes are represented as SW ↓ for downwelling shortwave radiation, α for 
albedo, LW ↓ for down-welling longwave radiation, and LW ↑ for upwelling longwave radiation. 
All radiative fluxes are evaluated in units of Wm-2. Heat fluxes are denoted with Q in units of 
J•kg-1and include turbulent sensible heat flux (QS), turbulent latent heat flux due to sublimation 
(QLs), and turbulent latent heat flux due to melting (QLm). By convention, energy gains are 
positive values and are directed towards the surface while energy losses are negative and are 
directed away from the surface. Heat fluxes including sub-surface conductive heat flux and 
sensible heat flux from precipitation are generally considered negligible in the tropical Andes 
(Vuille et al., 2008a; Wagnon et al., 2001). Turbulent sensible and latent heat, on the other hand, 
are significant and are profoundly controlled by atmospheric parameters near the glacier surface. 
Figure 2: The image depicts a simplified model to describe the surface energy balance of glaciers.  
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Similarly, radiative fluxes are also predominately controlled by the atmosphere and the solar 
intensity.  
As depicted in Figure 2, the sun provides downwelling shortwave radiation (SW↓) to the 
surface of a glacier; all of which is either absorbed or reflected (Coakley, 2003). The value of the 
reflected shortwave is dependent on the surface albedo (α), of which precipitation is a significant 
control. New snow cover, for instance, has a higher albedo than bare ice allowing for more SW↓ 
to be reflected rather than absorbed (Coakley, 2003). As a result, the high albedo snow surface 
absorbs less energy sourced from SW↓ than the bare ice surface with a lower albedo and 
therefore exhibits less potential for melt or sublimation.  
The role of SW radiation and albedo is limited to the daylight hours when the sun is 
above the horizon. The energy absorbed by the glacier, however, remains in flux at all times in 
the form of longwave IR radiation (LW). Upwelling longwave radiation (LW↑) transports energy 
away from the glacier surface and into the atmosphere. Under clear skies, net LW radiation is 
typically negative, meaning that more is emitted by the surface than is absorbed. Clouds 
effectively increase net LW by absorbing LW↑ and reradiating it back toward the surface in the 
form of LW↓. This effect is most noticeable on cloudy nights, in which air temperature 
moderates and does not fall as quickly as it would on clear nights. Clouds therefore play a duel 
role in the surface energy balance; (1) during the day they can effectively block SW↓ from 
reaching the glacier surface due to their diffusive properties and high albedo and (2) at night, 
they contain longwave radiation emitted by the surface thereby limiting nocturnal cooling.  
Of similar importance to radiative flux are turbulent heat fluxes, most notably in the form 
of turbulent latent heat flux and turbulent sensible heat flux. Latent heat is, in a sense, a hidden 
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heat as it is only perceptible during the physical phase change of water. Sensible heat, by 
comparison to latent heat a more perceptible form of energy related to a change in temperature. 
The two forms of heat are closely related in the glacier SEB. Since ice remains at a constant 
temperature regardless of the atmospheric temperature, sensible heat supplied to it results in a 
phase change which stores or releases latent heat. The exchange of energy in association with the 
phase change of water can be broken down into two categories as shown in table 1. 
Table 1: Phase change descriptions associated with latent heat flux (Stull, 2000) 
Cooling processes (release) Warming processes (consumption) 
evaporation: liquid → vapor condensation: vapor → liquid 
melting: solid → liquid fusion: liquid → solid 
sublimation: solid → vapor deposition: vapor → solid 
    
Cooling processes such as evaporation, melting, and sublimation reduce the temperature of 
the near surface air by storing sensible heat as latent heat (Stull, 2000). Such processes amplify 
mass loss. Warming processes such as condensation, fusion, and deposition raise air temperature 
near the surface by releasing sensible heat stored as latent heat. In the context of glaciology, a 
study on the Zongo glacier in the Bolivian Cordillera Real revealed that persistently negative 
latent heat flux throughout the year contributes to year round sublimation on the glacier surface 
(Wagnon et al., 1999a). Melt is seasonally dependent, occurring mostly during the wet seasons in 
the tropics. Many of the same principles apply in the Cordillera Blanca.  
The wind speed dependent exchange of latent heat is referred to as turbulent latent heat 




     (3) 
Adapted from Wallace and Hobbs, 2006; Oerlemans and Klok, 2002 
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where 𝜌 is the air density in kg•m-3,  𝐶𝐻 is a dimensionless bulk transfer coefficient dependent on 
surface roughness, |V| is wind speed in ms-1, and 𝑝 is the air pressure in kPa. L is replaced with 
the constants for latent heat of sublimation (2.83x106 J•kg-1) or latent heat of melt               
(3.34x105 J•kg-1) in order to obtain their respective fluxes. The vapor pressure gradient is defined 
by the difference of vapor pressure at 10 meters above the surface (eair) and that of around 2 
meters above the surface (es) in units of kPa (Vuille et al., 2008a). Sensible heat flux can be 
similarly derived as:  
𝑄𝑆 = 𝜌𝑐𝑝𝐶𝐻|𝑉|(𝑇𝑎𝑖𝑟 − 𝑇𝑠)     (4) 
Adapted from Wallace and Hobbs, 2006; Oerlemans and Klok, 2002 
where the difference between air temperature at 10 m ( Tair) and air temperature near the surface 
(Ts) is the temperature gradient in °C and 𝑐𝑝 is the specific heat of dry air in units of J•g
-1. With 
rising wind speed and air temperature gradient, sensible heat flux increases. In comparison to the 
other fluxes in equation 2, the impact of sensible heat flux on the SEB is generally considered to 
be minimal (Wagnon et al., 1999a). 
The effects of turbulent latent heat flux on glacier mass balance are verifiable in the 
tropical Andes by observational evidence of seasonal humidity. It is well known that high 
atmospheric humidity is associated with high glacier melt rates during the wet season (e.g. Vuille 
et al., 2008b; Wagnon et al., 1999a). A strong gradient of vapor pressure where eair > es results 
in a positive latent heat flux contributing to increased melt rates (Hock, 2010). This explains why 
there is more melting observed during the wet season when humidity is relatively high than there 
it is during the dry season when humidity is low (e.g. Bury et al., 2011). The low humidity of the 
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atmosphere during the dry season drives the latent heat flux negative, thereby promoting 
sublimation as the dominant source of ablation (Vuille et al., 2008a). In effect, humidity acts as a 
gatekeeper for surface energy controlling whether melt or sublimation is the dominant source of 
ablation. Melting contributes to greater ablation than sublimation for equal amounts of available 
energy as it is a more efficient energy release (Vuille et al., 2008a). 
Formulas 2-4 are described in detail to reveal the close relationship between the 
atmosphere and the SEB of glaciers. Atmospheric conditions greatly influence the SEB of 
glaciers and are thus critical to consider for studies of glacier mass balance. Some key 
observations are true for the SEB of tropical glaciers: 
1. Precipitation in the form of snow can alter the albedo of the glacier surface 
significantly by adjusting the amount of SW radiation which is absorbed thereby 
controlling the amount of energy available at the surface for melting and 
sublimation.  
2. Cloud cover can both block incoming SW radiation as well as enhance warming at 
the surface by re-radiating LW radiation back to the surface again. 
3. Latent and sensible turbulent heat fluxes contribute to the SEB by facilitating the 
transfer of heat between the glacier surface and the lowest level of the atmosphere 
thereby controlling sublimation and melt. 
4. Air temperature, wind speed, humidity, and air pressure are all controls for latent 
heat and sensible turbulent heat flux. 
5. Atmospheric humidity partitions energy to be used for melting or sublimation 
processes, explaining why humid periods are known to result in greater melt rates. 
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1.4 The El Niño-Southern Oscillation 
Regional forcing for the atmospheric variables controlling SEB in the Cordillera Blanca 
is most predominantly provided by the El Niño-Southern Oscillation. ENSO is defined by a 
fluctuation in sea surface temperature (SST) and upper tropospheric winds in and over the 
eastern equatorial Pacific Ocean that impacts weather on a global scale (e.g. Andreoli and 
Kayano, 2005; Trenberth, 1997). The waters of the eastern equatorial Pacific are characterized 
by relatively cold ocean temperatures and high atmospheric pressure. The cold SSTs relative to 
the western and central pacific are caused by a subsurface ocean current which upwells cold 
water from the deep sea to the surface (e.g. Vuille and René, 2011). Every three to seven years, 
easterly trade winds weaken near the equator causing the current to slow thus reducing the cold 
upwelling and allowing warmer waters to penetrate farther east (e.g. Vuille and René, 2011). The 
result is warmer than average SST in the east and anomalous westerly winds aloft (e.g. Vuille 
and René, 2011). This inter-annual fluctuation can be observed in Figure 3, where the red 
indicates warmer than average SST and the blue indicates colder than average SST. The 
phenomenon is often referred to as an El Niño event in the case when the 5-month running mean 
SST anomaly is greater than 0.5°C for at least 6 months (Trenberth, 1997). In the cases where 
trade winds are stronger than usual, the opposite effect can be observed where colder than 
average water temperatures dominate in the east and easterly winds aloft are anomalously high. 
Such events with SST anomalies less than 0.5°C, for the same criteria, are referred to as La Niña 




Figure 3: A graph depicting ENSO sea surface temperature anomalies between 2000 and 2016. Graphic retrieved 
from http://www1.ncdc.noaa.gov/ on 4/29/2016. 
 
The impact of ENSO in South America has been extensively documented primarily as a 
modulator of precipitation (Andreoli and Kayano, 2005). In the northern Andes Mountains, 
including the Cordillera Blanca, ENSO regulates precipitation, humidity, and air temperature and 
is therefore the most significant player in inter-annual fluctuations of glacier mass balance 
(Vuille et al., 2008b). The relationship between ENSO and glacier mass balance is primarily 
driven by the synoptic wind anomalies that occur in association with ENSO that effectively serve 
as a teleconnection mechanism between SST anomalies and the mountain range (Vuille et al., 
2008b). The westerly wind anomalies that occur during warm ENSO phases block moist 
Amazonian air from reaching the leeward (western) side of the Cordillera Blanca causing 
reduced precipitation, warmer temperatures, and increased glacial melt. The strong easterly 
winds associated with cold phases tend to push the moist air over the range supporting increased 
precipitation, cooler temperatures, and glacial accumulation.  
20 
 
Studies using glacial discharge records and the available, albeit scarce, climate datasets in 
the Cordillera Blanca have concluded that warm phases of ENSO tend to be attributed to warmer 
and dryer wet seasons whereas cold phases have the opposite effect (Mcglone and Vuille, 2012; 
Vera and Silvestri, 2009; Kaser et al., 2003; Garreaud et al., 2009; Vuille, 1999). Though this is 
often the case, there are instances on record since the 1970s that have yielded an ENSO impact 
not in line with the trend (Vuille et al., 2008b; Garreaud and Aceituno, 2001).  
There remains a certain degree of uncertainty as to how ENSO affects the Cordillera 
Blanca. Most evaluations of ENSO have been done for the Bolivian Altiplano, about 7° to the 
south, where its impacts are fairly consistent in between events (e.g. Francou et al., 2003; 
Francou et al., 1995). In the Cordillera Blanca, due to an occasional latitudinal shift in the ENSO 
teleconnection mechanism, conditions observed do not always align with those in the Altiplano 
(Vuille et al., 2008b; Garreaud and Aceituno, 2001). The 1982/83 ENSO, for instance, is one of 
the most significant El Niño events on record yet precipitation in the Cordillera Blanca was 
generally above average (Vuille et al., 2008b). Precipitation records in the Altiplano, on the other 
hand, were below average, as would be expected during an El Niño (Vuille et al., 2008b).  
The disparity, as seen also among other ENSO events (i.e. 1970/80 and 1993/94),  reveal that 
there are more factors controlling glacier mass balance other than regional forcing such as ENSO 
(Vuille et al., 2008b). 
The author hypothesizes that some unpredictability in ENSO impacts can be accounted 
for by variability in terrain where alpine valleys generate their own microclimates in effect 
muting the effects of ENSO as is seen throughout the region. During the course of this study, 
ENSO is used as a basis to compare years of climate data because its impact on glacier mass 
balance in the tropical Andes is fairly well documented (Vuille et al., 2008b; Francou et al., 
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2003). Also, considering its known role in affecting atmospheric forcing, it serves as a good 
baseline to evaluate how conditions within the Llanganuco Valley deviate from the expected 
trend associated with ENSO. This study brings forth evidence for how ENSO correlates to 
atmospheric variables within the Llanganuco Valley which can help discern the valley’s 
independence from the changes in the upper atmosphere associated with the teleconnection 
mechanism. 
1.5 Wind patterns of alpine valleys 
The boundary layer within alpine valleys, such as Llanganuco, is defined by a significant 
degree of mechanical turbulence and a distinct diurnal fluctuation of wind. For the purposes of 
this study, there are two primary wind types which need to be considered: valley wind and 
synoptic wind, both of which are depicted in Figure 4. Valley winds are driven by a pressure 
gradient caused by uneven heating of the valley surface or changes in elevation (Whiteman, 
2000). The topography of alpine valleys is associated with a number of different surface types, 
slopes at various incidents to the sun, and disproportionate shading of the surface by the valley 
walls. The combined surface variability within the valley causes significant differential heating 
which, in turn, establishes pressure gradients as cool and dense air naturally flows toward 
warmer and less dense air. Pressure gradient is often the driving force behind winds flowing 
parallel to the valley axis. Commonly, winds flow up-slope during the day, when the surface at 
the base of the valley is heated. At night, winds flow downslope and establish a stable core as 
shown by the graphic in Figure 4 (Whiteman, 2000). The stable core usually exists until mid-day 
when up-slope winds gain enough momentum to break through to upper levels of the atmosphere 
(Whiteman, 2000). Upon breaking through the stable core, moisture is free to rise and condense 
into clouds that eventually precipitate. 
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Synoptic winds, unlike valley winds, are not sourced from conditions within the valley, 
but can still be influential in the cases where their flow is channeled through the valley. Synoptic 
winds exist above the boundary layer and flow as part of a larger global circulation affected little 
by the friction of the surface. Not all valleys are subject to synoptic channeling, but those that are 
often exhibit sustained flow in one direction throughout the day instead having a diurnal pattern 
as is often seen with valley winds. It is this difference that is most useful for distinguishing a 
valley wind from a channeled synoptic wind.  
Both synoptic and valley winds have the capability to force meteorological conditions at 
the glacier surface, but valley winds are more apt to transport moisture from within a valley to 
the upper atmosphere (Henne et al., 2005). It is this moisture transport (flux) which is often 
neglected in SEB studies due to the complexity of valley terrain and the lack of microclimate 
Figure 4: A reprint of Figure 11.8 on page 178 in Wallace and Hobbs, 2006. The graphic depicts 
the flow of wind associated with an ideal valley at mid-morning. Wind types are differentiated 
based on their location and source. 
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datasets within them (Hellström et al., 2010). There needs to be an improved understanding of 
wind processes occurring within alpine valleys in order to apply them to numerical models 
deriving glacier mass balance. Distinguishing valley winds and synoptic winds within the valley 
can be a valuable indicator of the potential for intra-valley moisture flux to contribute to SEB by 
promoting forced convective cloud development. This study considers this need and presents 
evidence for the interaction of valley winds and synoptic winds in accordance with ENSO, which 
serves as a modulator of the upper atmosphere. 
1.6 The Llanganuco Valley 
The Llanganuco Valley serves as an example of a major alpine valley within the 
Cordillera Blanca and throughout the Andes. It is characterized by its U-shape which was 
mechanically carved out by the retreat of glaciers over the course of hundreds of thousands of 
years leaving behind the valley’s characteristic bedrock walls as seen in Figure 5E. The valley’s 
axis runs SW (~240°) to NE (~60°) on the west side of the Cordillera Blanca with elevations 
ranging from 3,400 m a.s.l. at its mouth to 6,746 m a.s.l. on its southern slope which is home to 
Peru’s highest mountain, Huascarán. As visualized in Figure 5C, Llanganuco is 33% glaciated 
(Kaser et al., 2003) making it one of most glaciated valleys in the Cordillera Blanca, which by 
default, makes it one of the most glaciated tropical valleys in the world.  
The regional climate of the Cordillera Blanca largely defines that of the Llanganuco 
Valley where there are distinct dry and rainy seasons caused by the fluctuation of the inter-
tropical convergence zone (ITCZ). There exists very limited climate data for Llanganuco as is 
common throughout the Cordillera Blanca. Supported by data from a weather station located at 
3850 m a.s.l., Hellström et al. (2010) documented a unique microclimate in the Llanganuco 
Valley by evaluating diurnal patterns of meteorological forcing for one annual wet and dry 
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season cycle in 2004 and 2005. Air temperatures are fairly homogeneous throughout the year but 
humidity, precipitation, and wind direction vary greatly depending on the season and fluctuate 
diurnally. Eighty-five percent of the annual rainfall in the valley falls in between the months of 
November and April. The wet season is characterized by frequent rainfall, high humidity, and a 
persistent up-valley wind from the southwest. This up-valley wind coincides temporally with the 
diurnal precipitation maxima in the valley indicating the plausibility of the up-flow contributing 
to forced convection at the ridge of the valley (Hellström et al., 2010). 
At higher elevations within the valley, precipitation may fall as snow or sleet at any time 
throughout the year, but frozen accumulation below the FL is usually nominal and short lived. 
During the dry season months between May and September, little to no precipitation falls, 
humidity is low, and winds shift diurnally from down-valley at night to up-valley during the day. 
Diurnal fluctuations of air temperature are more pronounced during the dry season due to the 
lack of atmospheric moisture. 
Hellström et al. (2010) found that when valley wind conditions were compared to 500 mb 
winds, it became clear that synoptic flow often opposed the flow measured within the valley, 
particularly during the wet season (Hellström et al., 2010). This finding indicates a decoupling of 
the wind systems demonstrating that the dominant flow being measured within the valley is not 
always the result of channeled synoptic winds (Hellström et al., 2010). The pattern is indicative 
of the valley wind system that could serve as a transportation mechanism for moisture to the 








Figure 5: The study domain is shown by the satellite imagery in map A, B, and C. Map C is scaled to show the extent of 
the Llanganuco Valley within the Cordillera Blanca, shown in map B, which is within the country of Peru whose extent is 
shown in map A with a true color satellite basemap. Note the extensive glaciation of the peaks surrounding the Valley. 
Map D highlights the topography of the Llanganuco Valley with locations and elevations of meteorological sensors 
embedded within it. Photo E was taken in July, 2015 facing West down the Llanganuco Valley on the way to the valley 
ridge at about 4,500 m a.s.l. Graph F describes the known climate of the Llanganuco Valley in context of the available 
precipitation and air temperature datasets. The bars indicate a single standard deviation away from the mean value. 
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1.7 Research Objectives 
The objectives of this project can be summed up by the following statements: 
1. To bring forth new evidence for the interconnection of ENSO to meteorological 
conditions within the Cordillera Blanca. 
2. To identify the extent by which the energetics of the Llanganuco Valley are 
independent from the greater synoptic flow. 
3. To verify and build on the findings of Hellström et al., (2010) in effort to improve the 
















2. Methods  
2.1 The ASN: automatic weather stations 
The autonomous sensor network (ASN), as described by Hellström et al. (2010) and 
Hellström and Mark (2006), serves as the primary source for in-situ meteorological observations 
for this study. In July, 2004 the first automatic weather station (AWS) of the ASN was installed 
near the Lower Lake in the Llanganuco Valley at 3,850 m a.s.l. in effort to establish a continuous 
record of air temperature, relative humidity, wind speed, wind direction, solar irradiance, and soil 
temperature within the valley. The Lower Lake AWS, as shown in Figure 7A, rests in a clearing 
on a surface of natural grasses and surrounding polylepis scrub which grow to about 2-5 meters 
in height. The site is protected in an area managed by the Peruvian national park service, 
SERNANP, and has been previously used by the University of Innsbruck for precipitation 
measurements. The most significant wind obstruction exists to the NW and SE corresponding to 
the steep bedrock walls of the valley which exceed 1000 meters in height. Though rare, northerly 
and southerly wind recorded by the Lower Lake AWS are likely products of turbulence or lateral 
slope winds occurring due to uneven heating of the valley walls. Winds flows parallel to the 
valley axis approximately 92% of the time and is not obstructed significantly by vegetation at the 
surface. The sensors for the Lower Lake AWS have been historically sourced from the Onset 
Computer Corporation and were logged with an Onset HOBO® datalogger 
(http://www.onsetcomp.com) up until 2014 when it was replaced with an Iridium® satellite Data 
Garrison logger (http://www.upwardinnovations.com). A 102 mm diameter radiation shield was 
used to reduce air temperature error caused by the sun except during the years of 2007, 2011, 
2012, 2013, and 2014 when an external datalogger served as the primary source for air 
temperature and relative humidity. The station underwent upgrades in 2013 to replace the wind 
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sensors with two new units also sourced from Onset and a new pyranometer from Apogee 
(http://www.apogeeinstruments.com/pyranometer) which could exceed the 1277 wm-2 maximum 
reading of the previous Onset sensor.   
A second AWS (referred to as Portachuelo), as shown in Figure 7F, was installed in July, 
2006 at the upper ridge of the Llanganuco Valley (4742 m a.s.l.) The station rests on a knife-
edge rocky ridge separating the west and eastern sectors of the Llanganuco Valley. There are no 
wind obstructions to the south, east, and west but an underrepresentation of northerly winds can 
be expected due to the obstruction of a rock wall to the north. The Portachuelo AWS has the 
same sensors as its Lower Lake counterpart minus an air temperature/humidity sensor and 
radiation shield which was not installed until July, 2015. Prior to the upgrade, temperature and 
relative humidity were recorded hourly by a data logger part of the ASN’s lapse rate series 
discussed in the following section.  
2.2 The ASN: measuring lapse rate 
The ASN was expanded in June 2005 to begin collecting near surface lapse rates using a 
series of 8 nickel sized iButton Thermochron® temperature loggers. Hellström et al. (2010) 
demonstrated the effectiveness of using the loggers for purposes of observing near surface lapse 
rates within the valley between the elevations 3,470 and 4740 m a.s.l. The network of iButtons 
was replaced in July 2006 with a more robust network of Lascar El-USB2 dataloggers 
(www.lascarelectronics.com) which are capable of measuring air temperature and relative 
humidity at one hour intervals for over a year in between downloads. Each Lascar logger is 
attached to a radiation shield, as shown in Figure 6A, consisting of a thin tin cone and two 
Styrofoam plates to reduce error caused by direct solar radiation. A year-long comparison test 
between the Lascar setup (Figure 6A) and the LowerLake AWS (Figure 6B) yielded an expected 
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error which was dependent on the time of day and, to a minor degree, season. Seasonal 
variability in error is minor and is likely caused by differences in the solar angle and cloud cover 
patterns. It can be expected that temperature error increases on sunny days with calm wind and is 
reduced on cloudy and windy days regardless of the season. Averaged over a month, nocturnal 
error is within the 0.5°C resolution of the Lascar sensor. Instances of higher nocturnal error, 
which did occur on occasion, could be indicative of the sensor capturing LW radiation emitted 
by the surface. Unlike the AWS radiation shield which fully encompasses the temperature sensor 
(thermocouple), the Lascar is exposed at the bottom lending to its ability to capture upwelling 
LW at night. Further analysis would need to be done to verify if this is the cause of the nocturnal 
error, though it is considered negligible for the purposes of this study. 
Table 2 provides a summarization of all Lascar data loggers utilized during the course of 
this study for evaluating lapse rate. Figure 7 provides visual context for the locations where each 
logger records air temperature and relative humidity. Note that the Lower Lake, LLANUP-4, and 
Portachuelo loggers are nearly completely exposed to the sunlight lending to their significant 
expected air temperature error during the day. To correct for this, air temperatures for the three 
loggers are adjusted depending on the season and the time of day using the experimentally 
obtained values in Figure 6D. Since solar radiation is the most significant source of error, the 
correction is only applied to daylight hours between 07:00 to 19:00 (all times local). No 
correction is applied for nighttime hours as the error would be within the sensor’s output 
resolution. 
Once all data are corrected, linear regression is used to fit a line associating elevation in 
units of km with air temperature in units of °C. The slope of the regression line indicates the 
change of air temperature per 1 km and the intercept is analogous to the zero degree isotherm, 
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also known as the freezing level. In the case in which an inversion of greater than 1°C was 
observed, the nocturnal lapse rate was determined by regression analysis only using air 
temperature values above the inversion. Such occurrences were more prominent at night during 
the dry season. It is also important to note that, though a correction was applied to loggers A, E, 
and F, freezing levels may be slightly higher than the actual values considering that each sensor 
is in a different location with different surrounding factors which may influence the logger’s 
temperature.  
 
Table 2 : Lapse rate data points (Lascar locations) 
ID Location Name Longitude Latitude Elev. (m a.s.l.) Error adjusted 
A Lower Lake -77.6427 -9.07162 3850 Yes 
B LLANUP-1 -77.6093 -9.04958 3948 No 
C LLANUP-2 -77.5994 -9.05432 4148 No 
D LLANUP-3 -77.5972 -9.04847 4344 No 
E LLANUP-4 -77.5977 -9.04355 4559 Yes 
F Portachuelo -77.5906 -9.05000 4742 Yes 
Figure 6: Photograph A shows a Lascar datalogger mounted beneath a thin tin cone radiation 
shield. The two white Styrofoam plates beneath the tin insulate the sensor located at the top of the 
logger from radiational heating sourced from the sun. Photograph B shows an example of the 
standard radiation shields used on the AWS units as a point of comparison to the Lascar setup. 
Photograph C shows a polyepis tree, which was often used to hide and shade Lascars in order to 
obtain accurate lapse rates. A comparison test between the Lascar setup and the AWS radiation 
shield with no shading yielded the expected errors as shown in graph D. Positive values indicate 




Figure 7: Photos A-F show the relative locations of all Lascar dataloggers used 
during the course of this study. Note that Lower Lake, LLANUP-4, and 
Portachuelo are at locations with minimal shading lending to the need to apply a 
solar radiation correction. 
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2.3 Observational data acquisition and synthesis 
Hourly meteorological data from the ASN were compiled for all years available starting 
in 2004 and were integrated into a single continuous timestamped Microsoft Excel file. Though 
logging hourly, in many cases, the raw ASN data were not logging on the hour. In such cases, the 
timestamp for air temperature, relative humidity, accumulated precipitation, solar irradiance, 




     (5) 
Where V indicates the meteorological data value temporally closest to the rectified hour 
on the hour and Vnext indicates the next data value in the time series. Toffset indicates the minute 
difference between the rectified hour and the datalogger timestamp. For example, the rectified 
hour of a data value logged at 15:44 is 16:00 and it has a 16 minute Toffset. The value at +1 hour 
(16:44) will be considered Vnext. If the data is hourly, the Tinterval becomes 60 minutes. For cases 
in which data was exactly 30 minutes off of the hour, the same principle would apply and the 
output value would be exactly half way in between the Vnext and V.  
Wind direction was rectified by initially converting wind speed (S in ms-1) and wind 
direction (𝜃 in degrees) to vector components, using the formulas 6 and 7, and then applying 
Formula 5 to the vectors. 
Y = −S ∗ COS(
θπ
180
)     (6) 
X = −S ∗ SIN(
θπ
180
)     (7) 
 
The resulting vectors are converted back into wind direction degrees using the logic in 
formula 8. 
 












    (8) 
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where x and y represent their corresponding wind vectors calculated using formulas 4 and 5. The 
logic works by breaking the wind rose into left and right quadrants. By convention, wind 
direction is defined by the angle from which wind prevails so in the case where the x vector is 
positive, the wind direction has a westerly component and is hence subtracted from 270°. 
Likewise, a negative x value indicates easterly flow and is subtracted from 90°.  
2.4 Observational data mean and correlation analysis 
Meteorological data from the Lower Lake and Portachuelo AWS units were averaged for 
the full months of January and July. The two months were chosen as points of analysis in this 
study because they had relatively complete data records and fall in the middle of the wet and dry 
season respectively. Correlation analysis was applied to the monthly averages of the two stations 
and ENSO SST anomalies from Niño region 3.4. All SST anomalies are based on a 3 month 
prior mean as ENSO impacts in the Cordillera Blanca are often delayed by a few months (Dr. 
Mathias Vuille, personal communication). The sample size for the correlation analysis is at most 
nine years, with the exception of precipitation, and varies with each variable depending on data 
availability (see Appendix A). Therefore, it is best to interpret the correlation values as relative 
to their respective dataset. Correlations with r values less than 0.3 were considered negligible.  
The methods described in section 2.3 with formulas 6-8 were used to obtain a monthly 
mean wind direction in order to build the wind vector charts used in this analysis. The ASN has 
two points for observational wind measurements, at the Lower Lake and at Portachuelo. Twenty-
four hour composites were arranged to view diurnal fluctuations of wind speed and wind 
direction for a given year with the available data in order to create Figure 12. Reanalysis datasets 
were retrieved from the National Climatic Data Center (NCDC) using NCEP/NCAR Reanalysis. 
Data is extracted from the grid point at 10°S and 77.5°W. Zonal and meridional (U and V) wind 
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data were downloaded for the 300 mb level and then processed using the methods described in 
section 2.3. 
All in-situ data were evaluated for accuracy and removed from the analysis if there were 
unrealistic deviations from the normal conditions within the valley. Certain data were also 
omitted if there was a documented concern with the sensor’s integrity. Full days of data were 
used as a metric for quantifying the quality of the monthly averages (see Appendix A). For 
precipitation accumulation, any month with less than 31 days of data was omitted. For all other 
variables including air temperature, relative humidity, dew point, wind direction, wind speed, 
and solar insolation, the month was considered acceptable if it had greater than 10 days of data to 
represent the monthly average. Cases with 10 days or less were omitted from the graphs and the 
correlation analysis. 
Vapor pressure, as shown in Figure 9C and 9D, is dependent on air temperature and 
relative humidity. It can be calculated using the following series of equations: 











   (9) 
𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑉𝑃 =
(0.01)(𝑅𝐻)(𝑆𝑉𝑃)
100
    (10) 
where air temperature (T) in °C can be used in the calculation of saturation vapor pressure (SVP) 
which then can be combined with the relative humidity (RH) to find the vapor pressure (VP). 
Both vapor pressure and saturation vapor pressure are read in units of kPa.  
Total insolation is computed in order to obtain the mean daily insolation meaning that the 
values in Figures 9G and 9H are not totals for the entire month. The total daily insolation was 
calculated for each day of the month using the formula: 





ℎ=1     (11) 
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where a sum of hourly irradiance values (S) is taken for a 24 hour cycle. The formula outputs 
total daily insolation in MJm-2. The mean daily insolation is simply an average of all the month’s 

















3. Results and Discussion 
3.1 Near surface lapse rates 
Figures 8A and 8B provide summarizations of the mean daily freezing level within the 
Llanganuco Valley for the wet and dry season represented by the months of January and July 
respectively. The detailed numerical results for all available years can be found in Appendix C 
and D. Overlaid on the graphs of Figure 8 are 3-month mean ENSO SST anomalies for the Niño 
region 3.4 which can help discern ENSO’s correspondence to the freezing level. During the wet 
season, freezing level is correlated strongly to ENSO with an r value of 0.80. The dry season 
exhibits a lower correlation of r=0.57 but is still statistically significant. The impact of ENSO on 
FL is most predominant in cases when the SST anomaly is greater than ±1°C which explains the 
lower overall correlation during the dry season when the greatest SST anomaly was -0.5°C in 
2008. Similarly, during the wet season when inter-annual changes in SST were minimal, as 
during the years of 2008 and 2009, the freezing level responded with a negative correlation 
contrary to the strong positive signal sent overall. Between 2011 and 2012, FL responded in an 
entirely opposite manner, with a positive correlation, despite the SST anomaly being fairly 
consistent with 2008 and 2009 years. The variability during near-neutral ENSO phases indicates 
that though FL is sensitive to ENSO, other factors are at play to control it. Overall, it can be said 
that warm ENSO events are attributed to higher mean freezing levels while cold ENSO events 
are tied to lower freezing levels. There is no discernable impact of ENSO on lapse rates and only 
slight seasonal variability. The wet season lapse rate was on average 6.6 °C/km with a standard 
deviation of 0.40. The dry season lapse rate was slightly steeper, as would be expected with 
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dryer conditions. The average lapse rate for the dry season was 6.8°C/km with a standard 
deviation of 0.63.  
 
 
Figure 8: Graphs A and B show the mean daily (averaged night and day) freezing levels for the 
months of January and July for their respective years. Graphs C-F show daytime (red), nighttime 
(blue), and mean daily lapse rates (purple) obtained from the Lascar datalogger network. The equation 
and r2 value corresponds to the purple dotted linear trend line, which is established based on the mean 




3.2 Correlation of ENSO to valley meteorology 
The graphs shown in Figure 9 provide a visualization of ENSO SST anomalies in relation 
to meteorological variables within the Llanganuco Valley. Years without data values shown 
either have no data available for that year or had data omitted for quality control concerns (see 
Appendix A). Figures 9A and 9B present monthly mean air temperatures for the Llanganuco 
Valley at two elevations to demonstrate the close relationship of ENSO SST anomalies to air 
temperatures within the Llanganuco Valley. It does not come by surprise that air temperature 
within the valley correlates strongly to ENSO as the interconnection has been well documented 
for the greater Cordillera Blanca (e.g. Mcglone and Vuille, 2012; Vera and Silvestri, 2009). 
During the wet season, air temperatures at Portachuelo correlated with a r value of 0.95 while the 
air temperature at the Lower Lake correlated with r=0.87. During the dry season, the correlation 
was much less significant at the Lower Lake (r=0.58) and was negligible at Portachuelo           
(r=-0.08). Similar to the findings with the lapse rates in section 3.1, the weaker correlation that 
exists during the dry season as compared to the wet season is likely due to the fact that SST 
anomalies were not extreme in July and never exceeded ±0.5°C.  
Figures 9C and 9D demonstrate significant seasonal variability for mean vapor pressure. 
The highest mean vapor pressure in July at the Lower Lake was 0.69 kPa in 2010 as compared to 
the inter-annual mean vapor pressure in January of 0.92 kPa. The difference between the two 
months demonstrates the seasonality of humidity in the Llanganuco Valley. Like air temperature, 
vapor pressure is closely correlated to ENSO during the wet season and less so during the dry 
season. The Lower Lake AWS was strongly correlated (r=0.90) during the wet season and only 
moderately so during the dry season (r=0.65). Portachuelo demonstrated even greater variability 
than the Lower Lake with an initially strong r value of 0.77 during the wet season and a weak 
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negative r value (-0.21) during the dry season. Again, this phenomenon is likely due to the lack 
of ENSO extremes during the July study period. 
Precipitation is known to be negatively correlated to ENSO SST in the Cordillera Blanca 
(e.g. Vuille et al., 2008b; Kaser et al., 2003). During the wet season of 2009, ENSO was in a 
weak cold phase with a SST anomaly of -0.7 °C. Precipitation, as shown in Figure 9E, was fairly 
equal between the two stations and was anomalously high. In 2010 a moderate warm phase of 
+1.6°C contributed to significantly less, although normal, precipitation amounts during the wet 
season. During the dry season of 2009, the SST anomaly was +0.4°C indicating a weak warm 
ENSO phase which produced above normal precipitation for both stations. During the dry season 
of 2010, a weak cold phase with an anomaly of -0.4 °C contributed to a decrease in precipitation. 
While the limited data prevents definitive conclusion at this time, the evidence suggests that 
there is a positive correlation between precipitation and SST anomalies during dry season and a 
negative correlation during the wet season. The results also indicate that precipitation variability 
within the Valley is similar to that of the rest of the Cordillera Blanca with regard to ENSO. 
Figure 10 shows precipitation totals for the month of January as far back as 1953, as 
collected by a local mining operation in the Llanganuco Valley. Though the record is not 
complete and is of questionable quality, it is the only precipitation record in existence for the 
Llanganuco valley prior to 2000. While avoiding any definitive conclusions, there appears to be 
little if any correlation (r=-0.09) between ENSO SST anomalies and precipitation as far back as 
1953. The red bars indicate strong El Niño events, normally attributed to decreased precipitation 
in the Cordillera Blanca. However, as the record shows, none of the El Niño events resulted in an 
exceptionally dry January. There were two La Niña events in 1956 and 1976 which had above 
average precipitation, but there were equally two years, 1974 and 1989, which recorded even less 
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precipitation than any of the strong El Niño events. ENSO is most likely a driver of precipitation 
for the Llanganuco Valley as it is for the Cordillera Blanca as a whole. However, given the 
inconsistencies of some years, it is essential to look at the smaller scales for answers.  
Since clouds coincide with precipitation, it is beneficial to examine the available solar 
radiation measurements. Insolation is directly affected by the amount of clouds in the atmosphere 
enabling itself to be proxy for cloud cover. Greater insolation values indicate less cloud cover 
because more solar radiation is able to reach the surface. The opposite is true if insolation values 
are low. Figures 9G and 9H show the mean daily insolation compared to elevation, season, and 
ENSO SST anomalies. There is a strong negative correlation (r=-0.80) of insolation and ENSO 
for the Portachuelo AWS during both the dry season and the wet season. The Lower Lake, on the 
other hand does not correlate at all during the dry season while weakly correlating (r=0.41) 






 Figure 9: Graphs providing mean and total monthly values of meteorological variables for 


















Figure 10: The graph compares ENSO SST anomalies from Niño region3.4 with total monthly precipitation for 
Januarys between 1953 and 2010. The red bars indicate years with strong El Niño events while the blue bars 
represent strong La Niña events. A correlation analysis of precipitation versus mean SST anomaly yields an r 
value of -0.09. 
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3.3 Impact of ENSO on valley winds. 
ENSO is synoptic in scale and therefore serves as a good baseline to describe how winds 
within the Llanganuco Valley interact with the upper atmosphere. Based on NCEP reanalysis 
data, the wind vector plots in Figure 11 depict the direction and magnitude from which the 
synoptic winds prevail. At 300 mb (~9,000 m a.s.l.) in January, the synoptic flow is 
predominantly from the east with slight variation under different ENSO conditions. During warm 
ENSO phases, winds at 300 mb are strongest when prevailing from the northeast; unlike during 
cold phases when east winds are the most dominant. Consistent with the known effects of ENSO 
on the upper atmosphere, easterly winds are strongest during cold ENSO phases. 
The easterly flow exhibited in Figure 11 often coincides with the winds recorded at the 
Portachuelo AWS as reflected in Figure 12A during the wet season. During the dry season, 
easterly flow is dominant at Portachuelo regardless of the ENSO phase, though the intensity of 
the wind is slightly higher during cold ENSO phases. This ENSO dependent variation in 
Figure 11: Upper level winds at 300 mb are derived from NCEP Reanalysis for the wet season (January). The 
years indicated beneath the vector are those wet seasons from which the data is based. They are limited to the 
study period between 2005 and 2014. The black line represents the valley axis.  
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intensity corresponds with that of the upper atmosphere as can be noted by the reanalysis of 500 
mb winds in Appendix G. Zonal flow at 500 mb is more easterly during moderate-strong cold 
phases of ENSO. Warm phases of ENSO coincide with weaker easterly and westerly flow. This 
correspondence of wind direction and magnitude at Portachuelo indicates that wind conditions at 
its location in the Llanganuco Valley are almost exclusively driven by channeled synoptic flow 
during the dry season.  
Figure 12: The vector charts provide visualization for inter-annual wind variability at the 
Portachuelo AWS and how it is affected by ENSO. Note that Figure 12 and Figure 11 use 
different wind speed scales. The black line represents the valley axis. Note that the SE wind 
observed is a down-valley wind. It is not parallel to the valley axis due to a physical block north 
of the station which directs easterly flow to prevail from the SE. 
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The wet season reveals a different wind regime at Portachuelo as demonstrated in Figures 
12A and 12B. Unlike during the dry season, there is variability in wind direction associated with 
ENSO. Warm ENSO phases coincide with a dominant easterly flow at Portachuelo, though 
unlike during the dry season, there is a minor component from the west. Cool ENSO phases have 
a much greater westerly component that dominates the synoptic flow from the east. The intensity 
of the westerly component appears to be dependent on the intensity of the ENSO phase. Figure 
13A provides an example of the wind regime during a weak cold ENSO phase. The magnitude of 
the westerly component is stronger than that of Figure 12A which represented two warm ENSO 
phases with an average SST anomaly +1.3°C, but is much less than that of four ENSO phases 
combined in Figure 12B, which had an average SST anomaly of -0.9°C. The consistent westerly 
component is a signal of increased valley winds in which case synoptic flow would be largely 
cancelled out. From this evidence it can be said that synoptic flow during the wet season 
dominates the valley wind at higher elevations except during significant cold phases of ENSO. 
The interconnection of valley winds to ENSO is notable, at least during the period for 
which this study is based. Though it cannot be definitively verified at this point with a small 
sample size, it appears likely that cold ENSO phases promote valley winds during the wet season 
whereas warm ENSO phases reduce them. During the dry season, valley winds appear to have 
little significance at Portachuelo as they are overcome by persistent easterly synoptic flow.  The 
seasonality elucidates the critical role of atmospheric moisture in valley wind processes. Cold 
ENSO events, as noted in section 3.2, are associated with more precipitation and increased 
humidity in the Valley which can promote thermal valley winds by reducing the density of the 
air. Warm ENSO events, which are associated with the opposite atmospheric conditions, would 
subsequently reduce thermal valley winds, essentially driving wet season conditions closer in 
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character to the dry season. To further evaluate the valley wind regime within the Llanganuco 
Valley, it is necessary to consider diurnal patterns of wind at Portachuelo and the Lower Lake to 
distinguish valley and synoptic wind influences during the average day. 
3.4 Diurnal valley wind regime 
Figure 13 provides a visualization of the prevailing winds for the wet and dry seasons in 
order to discern seasonal wind variability between the elevations of the Lower Lake and 
Portachuelo AWS units. The time periods chosen for the sake of comparison align with weak 
cold phases of ENSO with January and July SST anomalies of -0.3°C and -0.4°C respectively. 
During the wet season of 2014, winds predominantly flow up-valley from the WSW at the Lower 
Lake. The up-valley flow observed at the Lower Lake in Figure 13C is analogous to that 
Figure 13: The graphic presents wind vector comparisons of elevation and season within the 
Llanganuco Valley. The SST anomaly was -0.4°C in January and -0.3°C in July. The black line 
represents the valley axis. Note that the SE wind observed at Portachuelo is a down-valley wind. It is not 
parallel to the valley axis due to a physical block north of the station which directs easterly flow to 
prevail from the SE. 
47 
 
observed by Hellström et al. (2010) during the 2005 wet season, supporting that this pattern is 
common in the wet season and is not the product of channeled synoptic flow. An examination of 
the same time period in Figure 14C presents a similar picture on a diurnal timescale. Winds 
predominantly flow up-valley between 0800 and 2100 hours (local) in which case the mean wind 
speed is above 0.5 ms-1.  Such a flow is characteristic of a thermally driven valley wind fueled by 
daytime heating within the valley (Whiteman, 2000). During the early morning prior to sunrise, 
wind speed is light and variable in direction which is evidence of lesser scale winds driven by the 
spatial variation of net LW radiation (Whiteman, 2000).  
At Portachuelo, as shown in Figure 14A, winds shift slowly from west to east and then 
back to west throughout the day while winds at the Lower Lake are consistently up-valley from 
the west. The increased variability of wind direction at Portachuelo indicates that the prevalence 
of valley winds at higher elevations is dependent on the time of day. At Portachuelo, it is likely 
that the station is affected predominantly by the synoptic flow between the hours of 08:00 and 
16:00 given the easterly wind direction. It is affected by valley winds during the early morning 
and afternoon at which time westerly flow dominates. Even though the occurrences of valley 
winds at Portachuelo are relatively few in warm, neutral, and weak cold ENSO phases, they tend 
to occur in the afternoon, when their impact is most significant. The diurnal evidence at 
Portachuelo supports the conclusion of Hellström et al., (2010) that valley winds contribute to 
increased cloud development in the evening lending to the nocturnal precipitation maxima 
recorded at the Lower Lake.  
A review of the dry seasons at Portachuelo revealed that 2006, 2008, 2009, and 2012 had 
similar wind patterns, though less significant, in which there was a brief westerly shift of wind 
around 2000 hours (i.e. Figure 14F). July 2010 and 2005, exhibited a more extreme wind shift 
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more closely aligned to that of the wet season. As shown in Figure 14E, July 2010 exhibited a 
wind shift around 1800 that persisted until after midnight. The cause is likely attributed to the 
month’s relatively high air temperature and insolation. The air temperature in the valley was 
30% warmer than the average for all available years when insolation was 8% higher. The higher 
temperature is a signal of the higher insolation which could have promoted stronger valley winds 
by providing increased solar heating of the valley surface. The warmer air, being less dense, has 
more potential to rise and therefore counteract the greater synoptic flow. In 2008, the air 
temperature was 0.6°C lower than in 2010 while insolation was slightly higher. It ultimately 
initiated a similar, though weaker afternoon westerly shift. Months with insolation values less 
than 18 MJm-2 tended to have minimal afternoon westerly shift if any as was the case in July, 
2013.  
The diurnal wind graphs in Figure 14 demonstrate that the wind flow within the 
Llanganuco Valley is not solely driven by synoptic channeling, even during the dry season in 
which it is most predominant. All seasons, with the exception of July 2013 and July 2014, 
revealed evidence that valley winds are able to break through the stable valley core and reach 
higher elevations. While channeling is most predominant during the dry season, warmer air 
temperatures combined with increased insolation can promote thermally driven valley winds 







Figure 14: Diurnal variability of wind speed and wind direction. The dots above and below the wind speed line 
represent the first and third quartile of the data. Graphs A and C represent the wet season, while graphs B, D, E, and 
F represent the dry season. The black lines correspond to the valley axis. Up-valley flow is represented by the top 




 As climate change and glacier loss progresses into the 21st century, preparation will be 
key to reducing the negative societal impacts of reduced water availability in glaciated regions. 
To effectively address the challenge, research needs to better predict the outcomes of rapid 
glacier loss, especially in the Cordillera Blanca, Peru. Constraining the atmospheric variables 
which control glacier SEB has been an ongoing challenge in the Cordillera Blanca due to the 
lack of technical resources and climate datasets. Though many models have been applied to 
predict glacier mass balance, few have addressed how small scale forcing, such as that from 
periglacial valleys, can impact SEB. This thesis aims to improve the understanding of the role 
such valleys play in the processes controlling SEB and to bring to light a particular microclimate 
within the Cordillera Blanca in order to reveal how it interacts with the regional climate.  
The results reveal a valley microclimate which is impacted by ENSO similarly to the 
regional climate in the Cordillera Blanca. Moderate to strong warm ENSO phases are attributed 
to warmer and dryer wet seasons which directly relate to its ability to control cloud cover and 
precipitation. The increased air temperature within the valley is reflected by a close positive 
correlation to the freezing level within the valley, a factor in determining glacier mass balance. 
Cold ENSO phases are effectively the opposite of warm phases as they closely correlate to 
colder and wetter conditions within the valley as a result of increased cloud cover and 
precipitation. Likewise, they are associated with decreased freezing levels within the valley. SST 
anomalies of less than |0.5°C| appear not to have a significant impact on atmospheric forcing. 
Winds, being the driver for ENSO’s impact in the Cordillera Blanca, are critical to 
understand in order to constrain moisture fluxes from adjacent valleys. The greatest potential for 
valley-sourced moisture flux to impact glacier SEB occurs during the wet season in coincidence 
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with moderate to strong cold ENSO phases in which case thermally driven valley winds 
dominate the wind regime. The influence of the valley during the dry season is likely negligible 
due to the lack of moisture in the atmosphere and the dominance of channeled valley winds 
which inhibit cloud development at the ridge. At low elevations during the wet season, up-valley 
flow opposes the winds aloft demonstrating a clear disconnect between the valley microclimate 
and the greater synoptic flow. With higher elevation, the disconnect becomes less apparent, as 
the synoptic flow is more likely to interact with the winds at the surface. The degree to which 
channeling is a factor in the valley wind regime at higher elevations depends on the humidity of 
the atmosphere, the amount of insolation received at the valley surface, and the intensity of 
ENSO, which controls meteorological forcing within the valley as well as the magnitude of 
synoptic winds.  
The critical importance of valley winds on the glacier SEB is not revealed with a monthly 
analysis as they appear insignificant in comparison to the channeled synoptic winds that occur 
most frequently in the valley regardless of the season. It is necessary to evaluate how the winds 
fluctuate on a diurnal timescale in order to reveal their critical importance to nocturnal cloud 
development which contributes to glacier SEB by controlling LW radiation, air temperature, and 
precipitation potential. The lack of climatological data in the Cordillera Blanca has left a 
significant degree of uncertainty with regard to the climate and the boundary layer processes 
within periglacial valleys. The results presented in this thesis are a small fraction of what is 
needed to fully understand the boundary layer processes occurring that contribute to the ongoing 
loss of glaciers in the Cordillera Blanca. The maintenance of weather sensor networks, such as 
the ASN, is essential to provide a dataset for future study and to verify high resolution modelling 
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Appendix A: Data quality for monthly means 
January (values represent full days with usable data) 
 
Year 

















2005 10 31 10 10 10 0 0 0 0 0 
2006 27 31 27 27 27 0 0 0 0 0 
2007 31 0 0 0 0 31 31 31 31 31 
2008 31 31 0 31 31 31 0 0 0 0 
2009 31 31 0 31 31 31 31 31 31 31 
2010 31 31 0 31 31 31 31 31 31 31 
2011 0 0 0 0 0 31 31 31 0 31 
2012 31 0 0 0 0 26 31 31 0 31 
2013 0 0 0 0 0 0 0 0 0 0 
2014 31 0 31 31 31 0 31 31 31 31 
2015 31 0 31 31 31 0 0 0 0 0 
July (values represent full days with usable data) 
Year 

















2004 19 0 19 19 19 0 0 0 0 0 
2005 12 23 12 12 12 0 0 0 0 0 
2006 14 0 14 14 14 14 13 13 13 13 
2007 26 16 0 16 16 31 31 0 31 31 
2008 31 31 0 31 31 31 31 31 31 31 
2009 31 31 0 31 31 13 31 31 31 31 
2010 31 31 0 31 31 31 31 31 31 31 
2011 19 0 0 0 0 31 31 31 0 31 
2012 5 0 0 0 0 0 6 6 0 6 
2013 31 0 31 31 31 0 31 31 31 31 














Appendix B: January climatology for the Llanganuco Valley, 2005 - 2014 
January (Wet Season) 
Elev. 
(m) 
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 
Correlation 
to ENSO 
Niño 3.4 SST anomaly 
3-month mean (°C) 
- 0.7 -0.8 1.0 -1.4 -0.7 1.6 -1.5 -1.0 -0.3 -0.4 1.0 
Mean Wind Speed 
(ms-1) 
4742 - - 3.1 - 1.7 1.4 - - - 2.0 0.10 




4742 - - 136 - 258 178 289 209 - 184 - 




4742 - - 3.7 2.6 2.6 3.6 2.3 2.9 - - 0.95 
3850 - 7.40 8.41 7.38 7.19 8.78 - 8.01 - 7.71 0.87 
Mean Dew Point 
(°C) 
4742 - - 2.5 1.3 1.2 2.3 0.5 1.4 - - 0.90 
3850 - 5.7 6.6 5.6 5.5 6.2 - 6.0 - 5.4 0.70 
Mean Daily Insolation 
(MJm-2) 
4742 - - 13.6 - 14.2 14.1 15.9 15.9 - 15.3 -0.80 
3850 18.6 18.8 - 16.6 15.3 17.9 - - - 18.0 0.41 
Precipitation Total 
(mm) 
4742 - - 98.6 - 217.4 77.2 111.1 125.7 - 112.6 -0.49 
3850 141.3 110.3 - 147.8 208.2 68.8 - - - - -0.60 
Mean Vapor Pressure 
(kPa) 
4742 - - 0.73 0.68 0.67 0.72 0.64 0.69 - - 0.90 
3850 - 0.90 0.95 0.93 0.91 0.97 - 0.92 - 0.89 0.77 
Mean Vapor Pressure 
Deficit (kPa) 
4742 - - 0.08 0.07 0.08 0.09 0.10 0.09 - - -0.17 
3850 - 0.13 0.15 0.10 0.10 0.16 - 0.16 - 0.17 0.56 
 
Appendix C: July climatology for the Llanganuco Valley, 2005 - 2014 
July (Dry Season) 
Elev. 
(m) 
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 
Correlation 
to ENSO 
Niño 3.4 SST anomaly 
3-month mean (°C) 
- 0.3 0.1 -0.3 -0.5 0.4 -0.4 -0.2 0.0 -0.3 0.1 1.0 
Mean Wind Speed 
(ms-1) 
4742 - 3.4 3.9 2.7 1.8 2.8 1.4 3.3 2.9 - -0.22 




4742 - 131 - 153 144 177 195 145 140 - - 




4742 - 2.8 2.3 2.8 2.7 3.4 1.8 - - - -0.08 
3850 7.7 7.5 6.5 6.3 7.2 7.1 7.2 - 7.7 7.5 0.58 
Mean Dew Point 
(°C) 
4742 - -3.6 -1.4 -2.7 0.0 -3.5 -3.5 - - - 0.51 
3850 -3.7 -0.5 0.2 0.0 0.7 0.9 -1.5 - -0.6 -0.4 -0.37 
Mean Daily Insolation 
(MJm-2) 
4742 - 16.9 16.5 18.9 15.4 18.6 16.6 17.0 16.9 - -0.80 
3850 17.2 18.8 17.1 16.1 14.8 15.4 - - 17.8 17.6 0.05 
Precipitation Total 
(mm) 
4742 - - 31.5 9.6 36.8 11.4 29.4 0.0 28.6 - 0.35 
3850 - - - 0.6 17.8 2.6 - - - - 1.00 
Mean Vapor Pressure 
(kPa) 
4742 - 0.50 0.56 0.51 0.63 0.48 0.49 - - - 0.65 
3850 0.53 0.65 0.62 0.65 0.68 0.69 0.58 - 0.60 0.61 -0.21 
Mean Vapor Pressure 
Deficit (kPa) 
4742 - 0.29 0.18 0.26 0.18 0.33 0.23 - - - -0.39 
3850 0.61 0.47 0.44 0.40 0.42 0.41 0.60 - 0.58 0.53 0.27 
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Appendix D: Air temperature profile analysis for January 
January (Wet Season) 2007 2008 2009 2010 2011 2012 2013 2014 
Niño 3.4 SST anomaly 3-
month mean  (°C) 
1.0 -1.4 -0.7 1.6 -1.5 -1.0 -0.3 -0.4 
3850 Temp 9.0 - 7.2 8.8 - 8.0 - 7.7 
3948  Temp 8.9 7.4 7.3 8.8 7.0 7.5 - - 
4148  Temp 7.1 - 5.5 7.5 6.5 5.9 - 6.8 
4344  Temp 5.2 - 3.5 5.6 3.9 4.3 - 4.6 
4559  Temp 4.7 3.4 3.3 5.2 3.7 4.1 5.0 4.2 
4742 Temp 3.1 2.0 2.0 3.0 1.7 2.3 - - 
Mean Daily Lapse Rate 
(km•m-1) 
7.0 6.7 6.5 6.7 7.1 6.4 - 5.9 
Lapse Rate R2 0.98 1.0 0.96 0.97 0.94 0.97 - 0.92 
Mean Daily FL (m a.s.l.) 5168 5047 5007 5232 4988 5099 - 5206 
Daytime FL (m a.s.l.) 5227 5176 5136 5325 5119 5284 - 5218 
Nighttime FL (m a.s.l.) 5077 4866 4820 5094 4782 4867 - 5125 
Daytime FL – Nighttime 
FL (m) 
150 310 316 231 337 417 - 93 
Appendix E: Air temperature profile analysis for July 
July (Dry Season) 2007 2008 2009 2010 2011 2012 2013 2014 
Niño 3.4 SST anomaly 3-
month mean (°C) 
-0.3 -0.5 0.4 -0.4 -0.2 0.0 -0.3 0.1 
3850 Temp 7.1 7.0 - - 7.2 6.7 7.7 7.4 
3948  Temp 7.7 7.4 8.7 7.8 7.6 7.5 - - 
4148  Temp 5.8 5.6 6.8 6.4 5.8 5.9 5.7 - 
4344  Temp 4.2 3.9 5.5 5.4 3.9 4.3 3.9 - 
4559  Temp 2.9 3.0 4.8 4.9 2.9 3.8 2.8 - 
4742 Temp 1.5 2.0 3.7 2.5 1.0 - - - 
Mean Daily Lapse Rate 
(km•m-1) 
7.1 6.4 6.2 6.4 8.0 6.5 7.1 - 
Lapse Rate R2 0.97 0.97 0.97 0.94 0.99 0.95 0.99 - 
Mean Daily FL (m a.s.l.) 4951 5016 5301 5198 4873 5081 4933 - 
Daytime FL (m a.s.l.) 5031 5159 5427 5324 4999 5209 4993 - 
Nighttime FL (m a.s.l.) 4730 4769 5083 4900 4685 4834 4800 - 
Daytime FL – Nighttime 
FL (m) 





Appendix F: Intra-valley winds vs. winds aloft for January 
 
Lower Lake AWS 
(3850 m a.s.l.) 
Portachuelo AWS 







































































































































































































2005 0.7 0.82 0.71 1.08 229 - - - - -1.24 -1.63 -0.89 -1.99 
2006 -0.8 0.37 0.21 0.42 240 - - - - -2.14 -2.37 -4.08 -2.48 
2007 1.0 - - - - -1.37 1.43 1.98 136 -2.95 -0.23 -3.72 -2.98 
2008 -1.4 - - - - - - - - 0.08 -2.28 -4.83 -3.37 
2009 -0.7 - - - - 0.64 0.14 0.66 258 -3.28 -1.29 -6.24 -1.53 
2010 1.6 - - - - -0.02 0.47 0.47 178 -0.44 -3.69 -3.86 -2.81 
2011 -1.5 - - - - 0.60 -0.20 0.63 289 -2.82 -2.11 -7.87 -1.48 
2012 -1.0 - - - - 0.04 0.08 0.09 209 -2.28 -3.89 -0.10 -2.95 
2013 -0.3 - - - - - - - - -3.12 -3.70 8.43 2.10 
2014 -0.4 0.32 0.06 0.33 260 0.05 0.67 0.67 184 -2.98 -2.54 -4.39 -4.03 
Appendix G: Intra-valley winds vs. winds aloft for July 
 
Lower Lake AWS 
(3850 m a.s.l.) 
Portachuelo AWS 







































































































































































































2005 0.3 -0.42 -0.44 0.61 43 - - - - -2.39 -0.78 1.08 -2.72 
2006 0.1 -0.20 -0.21 0.29 43 -1.92 1.67 2.55 131 -1.24 -1.63 4.04 -0.50 
2007 -0.3 - - - - - - - - -2.14 -2.37 4.63 -2.14 
2008 -0.5 - - - - -0.94 1.84 2.07 153 -2.95 -0.23 0.87 -1.54 
2009 0.4 - - - - -0.82 1.11 1.38 144 0.08 -2.28 3.02 -2.70 
2010 -0.4 - - - - -0.05 0.93 0.93 177 -3.28 -1.29 -1.15 -0.61 
2011 -0.2 - - - - 0.10 0.37 0.38 195 -0.44 -3.69 4.05 -2.82 
2012 0.0 - - - - -1.55 2.18 2.68 145 -2.82 -2.11 3.61 -1.98 
2013 -0.3 -1.35 -0.51 1.44 69 -1.77 2.11 2.76 140 -2.28 -3.89 0.93 -3.72 
2014 0.1 -0.70 -0.28 0.75 68 - - - - -3.12 -3.70 6.97 1.46 
